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Control of metal impurities has proven essential for developing modern semiconductor-based materials and devices. The properties of high-performance integrated circuit, photovoltaic, and thermoelectric devices are tailored by the intentional introduction of dopant species, as well as the removal and passivation of detrimental impurities. [ 1 , 2 ] In addition, the speed and uniformity of several common semiconductor growth methods, including bulk crystal and vapor-liquid-solid (VLS) growth, are regulated by impurity-semiconductor interactions. [ 3 , 4 ] Precise control over impurity chemical states and spatial distributions requires a deep fundamental understanding of the thermodynamics and kinetics regulating impurity phase and transport. Impurity engineering in semiconductors typically involves thermal annealing, as impurity solubility and diffusivity increase exponentially with temperature. However, because of the lack of suitable analytical tools for studying sub-micron-scale distributions of fast-diffusing impurities at elevated temperatures, the vast majority of experimental investigations so far have been conducted at room temperature. As a result, much remains to be explored concerning fundamental impurity-semiconductor reactions at realistic processing temperatures.
It was recently proposed [ 5 ] that certain silicon-impurity systems can undergo melting upon cooling, a phenomenon known as retrograde melting . The controlled creation of liquid metalsilicon droplets within or on the surface of a silicon matrix of arbitrary shape could provide novel opportunities to engineer semiconductor-based systems via solid-liquid and vapor-liquid segregation. The phenomenon of retrograde melting, whereby a liquid phase forms from a solid phase upon cooling , has been observed and studied in several organic and inorganic systems, including Fe-Zr [ 6 ] and Mg-Fe-Si-O. [ 7 ] One common pathway for this process to occur is via the catatectic reaction, occurring at an invariant point on a binary phase diagram involving transformation from Solid → Solid + Liquid. [ 8 ] Many binary systems exhibit such an invariant point, [ 9 ] including Ag-In, Cu-Sn, Fe-Mn, and Fe-S, [ 10 ] but very few are semiconducting materials. [ 11 ] Retrograde melting in most common silicon-impurity systems cannot occur by this pathway, as these systems do not possess a catatectic point. [ 11 ] A second pathway for retrograde melting has been observed in the ternary Sb-Bi-Te system, wherein decreasing solubility of Te in Sb 2 Te 3 with decreasing temperature can lead to supersaturation of Te and formation of liquid droplets at temperatures above the eutectic temperature. [ 12 ] We propose that a similar pathway could also produce retrograde melting in binary semiconductor-impurity systems that exhibit retrograde solubility. Due to the high enthalpy of formation of point defects in certain semiconductors, the solid solubility of an impurity within the crystal structure increases with temperature, reaching a maximum well above the eutectic temperature. Many dissolved elements in silicon demonstrate this property, [ 13 ] including many of the 3d transition metals such as iron, copper, and nickel. [ 14 ] It is hypothesized that retrograde solubility can lead to retrograde melting, [ 5 ] if supersaturation occurs at a temperature above the eutectic temperature (as demonstrated in Figure 1 a ) .
To study temperature-dependent silicon-impurity reactions at the micro-scale, we carried out synchrotron-based hard X-ray microprobe experiments at high temperatures (up to 1500 ° C). We adapted an in situ microscope hot stage (Linkam TS1500) at beamlines 10.3.2 at the Advanced Light Source [ 15 ] and 2-ID-D at the Advanced Photon Source. [ 16 ] X-ray fl uorescence microscopy ( μ -XRF) mapping was used to investigate the spatial distribution of transition metal-rich particles as small as 50 nm [ 17 , 18 ] in silicon matrices. The chemical state of precipitated impurities detected by μ -XRF was determined by X-ray absorption microspectroscopy ( μ -XAS). [ 18 ] To verify that μ -XAS can distinguish between liquid and solid phases in metal-Si systems, we prepared a standard sample (see Experimental , sample 1) consisting of a thin layer ( ∼ 1 μ m) of e-beam evaporated Cu, Ni, and Fe sandwiched between a mc-Si wafer and a thin piece ( < 15 μ m) of monocrystalline Czochralski Si (CZ-Si). The sample was then heated to 1045 ° C, well above the Cu-Si and Ni-Si eutectic temperatures, to ensure a liquid metal-silicon mixture. μ -XRF mapping of the standard at 1045 ° C revealed that the previously continuous fi lm had dewetted, suggesting the presence of a high-temperature liquid state. After cooling the sample to room temperature, a visual inspection revealed that the Si cap layer was fused to the The sample was then cooled to 930 ° C and remapped, showing the formation along the GB of particles containing Cu, Ni, and Fe ( Figure 1 c .) , the Ni μ -XAS spectra of which are consistent with the liquid Ni-Si phase in our standard sample ( Figure 1 d ) . The initial nucleation of the liquid droplets occurred at a point below the expected solubility limit (solidus), likely because there was some out-diffusion of metals during quenching/cooldown and reheating (lowering total concentration of dissolved metals), and possibly due to a high nucleation energy barrier for metalsilicon precipitates. [ 20 , 23 ] The formation of liquid droplets in mc-Si can be explained with the schematic phase diagram of Figure 1 a . The sample initially has a high concentration of dissolved metals within the silicon, and is rapidly heated to a temperature above the eutectic temperature, in the region of retrograde solubility. As the sample is cooled, the solidus is crossed, and liquid droplets form due to precipitation of the dissolved impurities. Thus a localized melting reaction occurs while cooling , i. e., retrograde melting is observed.
Existence of metal-silicon liquid droplets should result in the segregation gettering of other dissolved metal species. To test this hypothesis, a sample containing liquid metal-silicon droplets formed by retrograde melting was held at high temperature (930 ° C) while taking successive μ -XRF maps of the same GB, as shown in Figures 2 a-c . Initially, we observed large liquid precipitates containing copper and nickel, consistent with their high diffusivity and solubility in silicon. [ 14 ] The XRF signal from a mc-Si substrate, further indicating a high-temperature transition through a liquid state. The Ni K-edge μ -XAS spectrum of the standard at 1045 ° C confi rmed a liquid Ni-Si phase distinct from solid room-temperature NiSi 2 ( Figure 1 d ) , demonstrating that these phases can be distinguished via XAS. Similar spectra of solid and liquid phases were obtained on samples with evaporated single metals only.
To test the hypothesis of retrograde melting in silicon, a high-purity multicrystalline silicon (mc-Si) wafer with a layer of electron-beam evaporated Cu, Ni and Fe was annealed at 1140 ° C for thirty minutes to intentionally contaminate the sample (see Experimental , sample 2). The sample was then quenched to trap the metal in the dissolved, supersaturated state. Contamination levels were estimated based on the solubility limit [ 14 , 19 ] of the metals at 1140 ° C: 1 × 10 18 cm − 3 Ni, 3 × 10 18 cm − 3 Cu, and 6 × 10 15 cm − 3 Fe; the presence of multiple impurities is expected to change these solubility limits slightly. [ 3 ] The target Ni and Cu concentrations are above equilibrium solubility at the metal-silicon eutectic temperature, satisfying the proposed condition for retrograde melting and metal-Si liquid droplet formation illustrated in Figure 1 a .
The sample was rapidly heated (100 ° C min − 1 ) above the eutectic temperature in the in situ microscope stage. A μ -XRF map of a grain boundary (GB) region displayed in Figure 1 b , at 980 ° C, reveals that no metal precipitates were present above the detection limits (approximately 10 14 -10 15 cm − 2 , Refs. [ 17 , 18 ] ). To correlate the observation of liquid metal alloy droplets with previous reports of mixed-metal silicides in mc-Si systems, a fi nal experiment was performed. A sample was intentionally contaminated with Cu, Fe and Ni at 1140 ° C and then annealed insitu at 1080 ° C for approximately 12 hours to allow formation, growth, and stabilization of liquid droplets (see Experimental , sample 3). The sample was then slowly cooled (1-3 ° C min − 1 ) while characterized by μ -XRF/XAS as illustrated in Figure 3 . We acquired μ -XRF every 25 minutes (acquisition time of 100 ms per point) maps on a large liquid droplet observed within a 100 × 100 μ m 2 area, probing the spatial distribution of metals while cooling. μ -XAS measurements (acquisition times of 2-5 seconds per energy point), which were obtained after each map, provided information about the chemical states of precipitated metals. At high temperature, metals were observed homogeneously distributed within the liquid droplets. As the sample was cooled, the liquid alloy began to decompose and Ni-rich regions formed at the edges of the particle, while the large central region remained a mixed-metal liquid. Further cooling caused the Ni-rich regions to grow larger. Between 755 ° C and 700 ° C, Cu was also observed to segregate from the core of the precipitate. Between 745 ° C and 685 ° C, the chemical state of the core precipitate changed from liquid to solid, as evidenced by μ -XAS data displayed in Figure 3 b . The eutectic temperatures of a multinary metal-silicon system can be lower than the eutectic temperature of pure binary metal-Si systems. [ 21 ] Based on our experimental observations, we propose a schematic phase diagram ( Figure 3 c) of the evolution of a liquid droplet during cooling from high temperatures involving decomposition of the high temperature liquid into different phases, followed by solidifi cation to solid metal silicide cores. In the example shown in Figure 3 a and Figure 3 b , the composition of the particles is initially nickel-rich with respect to the eutectic composition. The particle begins as a homogeneous metal-silicon liquid droplet at high temperature, and is in the liquid region of the pseudo-binary phase diagram for the Cu 3 Si-NiSi 2 system (the Si-rich corner of the Cu-Ni-Si phase diagram [ 22 ] ). In the liquid state, the particle acts as an effi cient site for the aggregation of metal atoms dissolved in the bulk by segregation gettering to the liquid droplets. Such a homogeneous phase has been predicted as a precursor to the formation of the mixed-metal silicides found in as-grown solar cell material. [ 5 ] During cooling, relaxation gettering can also occur as representative particle was spatially integrated to determine the total amount of precipitated metal as a function of time. The μ -XRF counts of Cu and Ni were found to increase approximately linearly ( Figure 2 d ) , consistent with a diffusion-limited growth process. After 30 minutes, the Fe concentration in these liquid Cu-Ni-Si droplets surpassed the noise level and also increased linearly. The iron accumulation in the liquid copper and nickel alloy droplets was consistent with a segregation gettering effect, illustrating internal gettering to a liquid droplet. metal-silicon droplets upon cooling of solid silicon, a phenomenon known as retrograde melting. We have demonstrated that these liquid droplets getter other dissolved impurities, consistent with solid-to-liquid segregation. Slowly cooling these liquid metal-silicon alloy droplets to room temperature resulted in the decomposition of the homogeneous liquid alloy into two solid multiple-metal silicide phases. To explain these phenomena, we have used appropriate equilibrium phase diagrams ( Figure 1 a and Figure 3 c ) . The precipitation pathway proposed herein may help explain previous reports [24] [25] [26] [27] [28] [29] of mixed-metal silicide precipitates in silicon that can exhibit the same nanoscale spatial segregation into Cu-rich and Ni-rich silicide phases evident in Figure 3 . It is proposed that these precipitates observed in as-grown mc-Si may form via decomposition of homogeneous liquid metal-silicon alloy droplets either incorporated during crystallization or precipitated during cooldown.
Our observation of novel impurity reactions in silicon, the most common semiconductor material, has broad implications. By developing crystal growth processes that take advantage of these phenomena, the distribution of deleterious impurities, such as iron, may be better controlled, improving electrical performance and widening the range of acceptable feedstock qualities for low-cost photovoltaic applications. Precipitation of metals via retrograde melting may also be applied to control the remaining dissolved species become supersaturated, and preferentially diffuse to existing defects to minimize interfacial and volume-change strain energy. [ 23 ] As the temperature drops to the liquidus, NiSi 2 begins to precipitate, migrating away from the homogeneous liquid droplets and forming nodules or separate precipitates. Due to the high diffusivity of nickel and copper at elevated temperatures, [ 14 ] signifi cant rearrangement of the particles is possible, as evidenced by the changing ratios of Cu and Ni in the bicolor coded μ -XRF maps in Figure 3 a . The composition follows the liquidus towards the eutectic composition and Ni continues to precipitate to solid NiSi 2 , while Cu stays in solution, shifting the concentration of Cu in the liquid towards the eutectic composition. When the eutectic point is reached on the phase diagram, further cooling causes the droplet to decompose into two solid mixed-metal silicide phases: a η -Cu 3 Si-like phase and a NiSi 2 -like phase. Both phases are known to accommodate up to atomic percents of substitutional metal species, as reported in alloy experiments. [ 21 ] The phases observed, as well as their morphology, agree well with previous investigations of solid-phase mixed-metal silicides in silicon. [ 5 , 24 ] In summary, our experimental observations demonstrate a novel impurity precipitation pathway in silicon, illustrated in Figure 4 . Through temperature-dependent X-ray microprobe measurements, we have observed the formation of liquid the distributions of metals in functional substrates or devices, enabling the creation of self-assembled metal alloy contacts on 3-dimensional silicon surfaces with large aspect ratios. Finally, we suspect these processes to have a wider applicability beyond the 3d transition metals in silicon. Analysis of impurity solubility data [ 13 ] and phase diagrams [ 11 ] for various systems (as demonstrated in Figure 1 ) , reveals that similar phenomena may occur in other systems, such as germanium and silicon doped with high concentrations of noble metals. These metal impurity-semiconductor reactions may lead to new opportunities to engineer high-performance materials and devices on the nanometer scale. ). After an acetone rinse and light hand polishing, an etch of nitric, acetic, and hydrofl uoric acids (11:2:4 ratio) removed any metals that had diffused to the outer surfaces. This slightly anisotropic etch revealed grain boundaries; highenergy grain boundaries (typically exhibiting high curvature and faceting) were selected for observation of metal heterogeneous nucleation.
Experimental Section
Sample 3: Alternating layers of metals (3 nm Fe, 15 nm Ni, 35 nm Cu) were sputtered. The sample was annealed at 1140 ° C for 30 minutes, then quenched to room temperature. The sample was cleaned in acetone and isopropanol to remove organic contamination, then handpolished and chemical etched (see above), leaving only metals dissolved or precipitated in the bulk.
Given the abundance of metals on the surface during annealing, the bulk concentration of metals in all samples was determined solely by the solid solubility of each metal at the annealing temperature.
Synchrotron-based X-ray fl uorescence microprobe measurements were performed at the Advanced Light Source Beamline 10.3.2, [ 15 ] with beam spot size as small as 5 × 5 μ m 2 (H × V); and the Advanced Photon Source Beamline 2-ID-D, [ 16 ] with a beam spot of diameter 0.2 μ m. μ -XRF elemental distribution maps were obtained using an incident photon beam of 10 keV, and x-y scanning a sample oriented at 35 degrees relative to the incoming beam while detecting resulting fl uorescence emission. In order to determine the relative concentrations of elements, the XRF signal was spatially integrated to quantify the total counts of a given element. The particle described in Figure 2 g was integrated with a 27 × 27 μ m 2 box to encompass the entire particle during ripening.
X-ray absorption microspectroscopy ( μ -XAS) was performed in fl uorescence mode at the Advanced Light Source Beamline 10.3.2. Liquid-phase alloys were identifi ed by their XAS signal: the reduction in amplitude of the EXAFS oscillations across the transition from a solid to a liquid is consistent with the reduction in order of a liquid relative to a solid. Solid phases were identifi ed by comparing the XAS spectra of samples with reference spectra.
For high-temperature μ -XRF and μ -XAS measurements, we employed a Linkam TS1500 microscope stage capable of heating an 8 mm diameter sample to 1500 ° C. With the stage in vertical orientation, a tungsten www.advmat.de www.MaterialsViews.com wire bent into a ring held the sample in contact with the heating cup. The temperature of a given sample can be determined with ± 8% absolute uncertainty while temperature differentials for a single sample can be measured within 2% relative uncertainty, as derived from temperature calibrations with X-ray diffraction, thermocouple, and optical pyrometry techniques. The stage has gas inlets and outlets to provide a highpurity nitrogen atmosphere while samples are heated. The high-purity nitrogen displaces oxygen, thus limiting surface oxidation and slowing the out-diffusion of dissolved metals within the silicon samples. Additional protection against oxidation was provided by an oxygen getter consisting of a ∼ 10 mg titanium piece held in close proximity to the sample. As neither titanium nor tungsten were transition metals of interest in this study, possible contamination from the getter and sample holder was not a concern. To contain ambient atmosphere, we used a 10-μ m-thick single-crystal Si window that has 90% transmission of incident 10 keV x-rays, and transmission of exiting Fe, Ni, and Cu K-line x-rays of 68%, 78%, and 82%, respectively, and is free of transition-metal impurities.
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